We report here the identi®cation of mouse bklotho (b kl), which encodes a type I membrane protein with high resemblance to Klotho (KL). Both bKL and KL consist of two internal repeats with homology to family 1 glycosidases, while these essential glutamates for the enzymatic activities were not conserved. The identical pattern of substitution and variation in the substituted amino acids between these two proteins indicate that they likely to form a unique family within the glycosidase family 1 superfamily. During mouse embryonic development, strong bkl expression was detected in the yolk sac, gut, brown and white adipose tissues, liver and pancreas, and in the adult, predominantly in the liver and pancreas. Despite the high structural similarity between bKL and KL, their expression pro®les were considerably different and bkl expression was not induced in kl-de®cient mouse mutants. q
Results and discussion
We have previously established a mutant mouse line displaying an array of phenotypes typical of human aging. The gene responsible for these defects, klotho (kl), was identi®ed and found to encode a novel type I membrane protein of 1014 amino acids in length. The extracellular domain consists of two internal repeats with homology to family 1 glycosidases (Kuro-o et al., 1997; Henrissat, 1991; Henrissat and Bairoch, 1993, 1996) .
A partial cDNA clone of a human kl-related homologue was identi®ed in the GenBank database of expressed sequence tags by homology search using the KL sequence (Shiraishi et al., in preparation) . A mouse genomic clone was isolated by the polymerase chain reaction (PCR) with a primer pair designed from the human kl-related cDNA sequence and found to contain putative exon sequence. We designed another primer pair based upon this sequence to enable the isolation of a full-length cDNA clone.
A commercially available cloning system (RAPID-SCREEN cDNA Library Panels, OriGene Technologies, Inc.) was used for screening. Five cDNA clones were isolated from approximately 5 £ 10 5 clones. The deduced amino acid sequence of this new gene, which we termed b klotho (b kl), was found to be 41.2% identical to that of KL. It is notable that b KL and KL share a unique feature in that they lack the two key glutamates in the presumptive active centers of the glycosidaselike domains that are characteristic to other family 1 glycosidase members (Kuro-o et al., 1997; Davies and Henrissat, 1995; Wang and Withers, 1995) . The substitution of these glutamates occurs in a conserved manner (Fig. 1) . This led us to conclude that KL and bKL comprise a new and distinct protein family (KL family) within the glycosidase family 1 superfamily.
Phylogenetic analysis using the neighbor-joining method revealed that the individual extracellular domains of b KL share the highest similarity with those of KL; b KL1 with KL1, and b KL2 with KL2 (data not shown). The primary structures of b KL1 and KL1 are conserved more strictly than that of bKL2 and KL2 (Fig. 1A) .
In kl genes, a splicing variant exists which encodes a putative secreted protein Matsu- , 1998) . The KL protein also contains a short stretch of basic amino acids (KKRK) at the N-terminal region of the KL2 domain where proteolytic process might occur Ohyama et al., 1998; Bergeron et al., 2000) . The b kl gene, however, does not appear to encode such an alternative form for a putative secreted protein and the short KKRK stretch of basic amino acids is also not conserved in b KL2 (Fig. 1B) .
Northern blot analysis was performed to determine the tissue distribution of bkl mRNA. In adult mice, b kl mRNA was predominantly expressed in the liver and pancreas, with lower levels in skin, and very weakly in the stomach, skeletal muscle, small intestine and lung ( Fig. 2A) . During embryonic development, the b kl transcripts are not detectable at day 7 of gestation, they become barely detectable at day 11 and increase in signal intensity as development progresses (Fig. 2B) .
In both adult tissues and embryos, two species of transcripts are present, 7.2 kb and 3.5 kb. The smaller transcript appears more abundant and the size corresponds with the length of the cDNA we isolated. We have not obtained any clones that correspond to the larger transcript. Southern blot hybridization analysis indicated that b kl exists as a single copy gene in the mouse genome (data not shown), therefore the larger transcript may represent a splicing variant although we have no evidence that this is the case.
In order to obtain detailed expression patterns of b kl mRNA during embryonic development, in situ hybridiza- Nakai and Horton, 1999) , we determined that like KL, bKL possesses a putative signal sequence at its Nterminus and a membrane-spanning region with short hydrophilic tail at the C-terminus. Two tandemly repeated glycosidase-like domains corresponding to KL1 and KL2 were also found to be conserved and named bKL1 and b KL2, respectively. The glutamates in KL1 and bKL1 are similarly replaced by asparagines and those in KL2 and bKL2 by alanines. Sequence identities between corresponding domains in the two molecules are shown. Filled and open triangles indicate the assumptive positions for conserved glutamates for proton donor or nucleophile, respectively. Amino acid residues in the assumptive positions are shown above. SS, putative signal sequence; TM, putative transmembrane domain. (B) Amino acid sequence alignment of mouse bKL and KL. Identical residues are shaded. Putative signal sequences and transmembrane domains are underlined with black or gray solid bars, respectively. Hatched bar indicates the short stretch of basic amino acids predicted to be recognized by proteinases in KL. Asterisks indicate positions for conserved glutamates at assumptive active centers. All corresponding cysteine residues are completely conserved between b KL1 and KL1. Cysteine residues conserved between bKL1 and KL1 are dotted. mbKL, mouse bKL; mKL, mouse KL. tion analyses were carried out on embryos from various gestational stages. b kl mRNA was expressed almost exclusively in the yolk sac and primordial liver at day 10.5 of gestation (Figs. 3A and 4A,B) . The expression in the primordial liver at this stage is limited to the hepatocytes with absence of signals in the hematopoietic cell clusters. At day 12.5 of gestation, the strongest bkl expression was detected in the liver with lower levels present in gut epithelium (Figs. 3B and 4C,D) . At day 15.5 of gestation, we also could detect robust expression in the acinar cells of the pancreas and preadipocytes in the cervical brown adipose tissue (BAT) (Figs. 3C and 4E,F) . By day 19.5 of gestation, we found that subcutaneous fat that is mainly composed of white adipose tissue (WAT) expresses high levels of b kl mRNA (Figs. 3D and 4H) . Positive signals were also observed in the WAT surrounding various organs, including vertebrae (Figs. 3D and 4I) .
The extraembryonic visceral endoderm, where the strongest signals were detected in the yolk sac absorbs lipids and fat-soluble materials from maternal tissues, and repackages them with endogenously synthesized lipids into lipoproteins for secretion in the embryo (Terasawa et al., 1999) . Other tissues in which strong bkl expression was detected are also known to participate in lipid metabolic processes.
We compared the expression pro®les of b kl mRNA in kl mutant and wild-type mice by northern blotting. bkl mRNA levels in the liver remained constant irrespective of genotype. Because kl is expressed in the kidney and the brain, we also examined these tissues to check whether b kl expression might be ectopically induced in kl mutants. However, no b kl transcripts were detectable in the kidney and brain of kl de®cient mice (data not shown), indicating that no compensational regulation of b kl transcription exists to offset the de®ciency of kl expression.
Genomic sequence of human bkl locus were recently deposited in the GenBank (Accession nos. AC021148 and AC023135); these, however, are still working drafts consisting of several unordered pieces. These clones have been mapped to chromosome 4, while human kl locus has been assigned to 13q12 (Kuro-o et al., 1997) , indicating that b kl and kl do not comprise a gene cluster in the human genome.
Experimental procedures

cDNA cloning of mouse b kl
A mouse b kl genomic DNA fragment was obtained by PCR using primers designed from the partial cDNA sequence of human b kl (GenBank accession nos. H25792 and H28389). Fetal Swiss Webster (gestational day 19) RAPID-SCREEN cDNA Library Panels (OriGene Technologies, Inc.) were screened by PCR with oligonucleotide primers designed from putative exon sequence in mouse b kl gene. Two types of full-length cDNA clones were isolated. One type contained poly(A) 1 (GenBank accession no. AF178429) but lacked the ®rst ATG. The other lacked the poly(A) but covers the ®rst ATG (GenBank accession no. AF165170). 
Northern blot hybridization
Mouse multiple tissue northern blots (Mouse poly(A) 1 Multiple Choice Northern Blots nos.1 and 6, OriGene Technologies, Inc.) and a mouse embryo northern blot (Mouse Embryo Multiple Tissue Northern Blot, Clontech) were purchased and subjected to hybridization. We also used 2-mg aliquots of mouse pancreas poly(A) 1 RNA (Clontech) or 2 mg of poly(A) 1 RNA extracted from mouse tissues. A 536 bp BglII fragment of bkl cDNA, or a glyceraldehyde 3-phosphate dehydrogenase (GAPDH) cDNA fragment were used as probes.
In situ hybridization
In situ hybridization was performed using digoxigenin (DIG)-labeled antisense and sense riboprobes prepared by in vitro transcription according to the manufacturer's protocol (Boehringer Mannheim). A 536 bp BglII fragment of b kl cDNA was used as a template for transcription.
